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Abstract We report fortuitous observations of low-energy lunar pickup ion fluxes near the Moon while in
the solar wind by the Lunar Dust Experiment (LDEX) on board the Lunar Atmosphere and Dust Environment
Explorer (LADEE). We describe the method of observation and the empirical calibration of the instrument
for ion observations. LDEX observes several trends in the exospheric ion production rate, including a scale
height of approximately 100 km, a positive, linear correlation with solar wind flux, and evidence of a slight
enhancement near 7–8 h local time. We compare the LDEX observations to both LADEE Neutral Mass
Spectrometer ion mode observations and theoretical models. The LDEX data are best fit by total exospheric
ion production rates of ≈6 × 103 m−3 s−1 with dominant contributions from Al+, CO+, and Ar+, although the
LDEX data suggest that the aluminum neutral density and corresponding ion production rate are lower than
predicted by recent models.

1. Introduction

The surface-bound exosphere of the Moon is composed of many distinct species reflecting several different
production mechanisms. These mechanisms include radiogenic outgassing, sputtering by and neutralization
of incident charged particles (i.e., solar wind protons and alphas), micrometeorite impact vaporization, and
photon-stimulated desorption [Stern, 1999; Yakshinskiy and Madey, 1999; Sarantos et al., 2012a; Vorburger et al.,
2014]. Despite several decades of observational searches, an inventory and full understanding of the various
neutral exospheric species at the Moon is not yet complete. To address this, the Lunar Atmosphere and Dust
Environment Explorer (LADEE) completed 6 months of in situ and remote sensing observations of the neutral
lunar exosphere [Elphic et al., 2014], with confirmed detections of neutral helium, neon, argon, sodium, potas-
sium, and several ionized species [Benna et al., 2015; Halekas et al., 2015; Hurley et al., 2016; Colaprete et al.,
2016; Hodges and Mahaffy, 2016].

In addition to measuring neutral species, observations of pickup ions provide a powerful method to probe
the composition and structure of both the lunar exosphere and surface [e.g., Hartle and Killen, 2006]. Lunar
pickup ions have been detected by several missions including Active Magnetospheric Particle Tracer Explorers
[Hilchenbach et al., 1993], Wind [Mall et al., 1998], Kaguya [Yokota et al., 2009; Tanaka et al., 2009], and
Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon’s Interaction with the Sun
(ARTEMIS) [Halekas et al., 2012a; Poppe et al., 2012]. The reported compositions of these ions have spanned
masses 2 amu to 56 amu, including He+, C+, O+, Na+, Al+, Si+, K+, Ar+, and Fe+. More recently, the LADEE
Neutral Mass Spectrometer (NMS) has reported observations of lunar exospheric ions of masses 2 (H+

2 ), 4 (He+),
12 (C+), 16 (O+), 20 (Ne+), 23 (Na+), 28 (Si+/CO+/N+

2 ), 39 (K+), and 40 (Ar+) amu [Halekas et al., 2015]. In addition
to the LADEE/NMS, which has a dedicated ion mass spectrometry mode [Mahaffy et al., 2014], it was discov-
ered while in lunar orbit that a specific observing mode of the Lunar Dust Experiment (LDEX) on board LADEE,
primarily designed to detect submicron dust grains, is also sensitive to the net current of low-energy pickup
ions from the lunar exosphere [Horányi et al., 2014; Szalay and Horányi, 2015]. Due to its large geometric factor
and near-continuous operation during the 6 month LADEE mission, the LDEX current data set affords a pow-
erful opportunity for studying the total lunar pickup ion current and its variability with respect to several key
parameters, including local time, altitude, and solar wind flux. In turn, these correlations provide information
about the structure and variability of the Moon’s neutral exosphere.
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In this paper, we report fortuitous observations of pickup ion fluxes at the Moon by LDEX on board the LADEE
spacecraft. In section 2, we describe the LDEX instrument and present a representative set of LDEX current
observations and their interpretation as lunar exospheric ions. In section 3, we aggregate and present the
pickup ion current with respect to mission time, altitude, solar wind flux, and local lunar time. Finally, we
discuss these results and compare to LADEE/NMS observations and an exospheric model in section 4 and
conclude in section 5.

2. LDEX Observations

LDEX is an impact ionization dust detector designed to measure the size and spatial distributions of both
>0.3 μm and <0.3 μm grains using separate methods while in orbit around the Moon [Horányi et al., 2014].
For grains with radii > 0.3 μm, individual impact ionization events are detected and the resulting charge is
translated into grain mass using empirically determined calibration curves. For grains with radii < 0.3 μm, the
charge generated upon impact is individually smaller than the LDEX detection threshold (≈ 3000 electrons),
yet the net current arising from multiple impacts can yield information about the net flux of < 0.3 μm grains.
This latter mode, referred to as the “integrator” (see full description in Szalay and Horányi [2015]), also yields an
additional, serendipitous measurement of low-energy ambient ions, presumably originating from the lunar
exosphere.

Figure 1 shows four consecutive orbits (#603–606) of LDEX current observations and concurrent ARTEMIS
data from 4 to 5 December 2013. Figure 1a shows the interplanetary convection electric field as observed by
the ARTEMIS spacecraft in Solar Selenocentric Ecliptic coordinates; Figure 1b shows the negative of the dot
product between the interplanetary convection electric field and the LDEX boresight, −Êc ⋅ b̂; Figure 1c shows
the current observed by LDEX (black) and the angle between the electric field and the LDEX boresight vector,
arccos(−Êc ⋅ b̂) (blue); and Figure 1d displays the LADEE spacecraft solar zenith angle. Finally, the two colored
bars at the bottom of Figure 1 denote the sunlit/shadowed periods of the LADEE/LDEX orbit (red is sunlit and
black is eclipse) and the periods of LDEX operation (green). Field-to-boresight dot product values greater than
0 indicate an electric field pointing into the instrument, allowing detection of exospheric ions, while values
less than 0 indicate an electric field pointing away from the LDEX instrument; thus, no exospheric ions should
be observable during these periods. Over this approximately 8h interval, the convection electric field is highly
variable, reflecting changes in the interplanetary magnetic field. In turn, the electric field-to-boresight vector
rapidly changes, in addition to a longer period variation due to LDEX’s evolving boresight direction as LADEE
orbits the Moon.

On the first three orbits shown, #603, 604, and 605, LDEX observes variable currents between approximately
0.2 × 106 and 1.5 × 106 ions s−1 on the sunlit side of the Moon. On orbit #606, LDEX observes a nearly con-
stant current of 0.2 × 106 ions s−1 during the majority of the sunlit portion of the orbit. During the eclipse
portion of all orbits, currents drop to approximately 0 before increasing slightly near the end of each eclipse
period before reentering sunlight. For the sunlit portions of the first three orbits, the convection electric field,
Figure 1b, is oriented for most of the time such that the newly born exospheric ions will be accelerated along
trajectories that enter the LDEX instrument, i.e., −Êc ⋅ b̂> 0 in Figure 1b and arccos(−Êc ⋅ b̂)> 0 in Figure 1c.
Several correlations can be seen between the LDEX current and the electric field-to-boresight vector. For
example, at 17:24 UT during orbit #603, a sharp decrease in the Ez component changes the field-to-boresight
dot product from +0.3 to +0.9, while the LDEX current jumps sharply from 0.3 × 106 to 1.0 × 106 ions s−1. This
is followed by a concurrent, gradual decrease in both the current and dot product up until LADEE enters the
lunar shadow. Also, at 21:15 UT during orbit #605, both the Ey and Ez components undergo a sharp rotation,
changing the field-to-boresight dot product from nearly +1.0 to −0.3. Concurrently, the LDEX current drops
from approximately 1.3× 106 to 0.2× 106 ions s−1. In comparison, during orbit #606 the electric field is point-
ing away from the LDEX boresight, −Êc ⋅ b̂ < 0 (see Figure 1b), for times when LDEX is operating in sunlight.
The current measured here by LDEX of approximately 0.2 × 106 ions s−1 is a background source that cannot
originate from low-energy exospheric ions.

Since the LDEX instrument was not originally designed to measure ambient ions, the efficiency and calibra-
tion of the instrument with respect to the incoming pickup ion energy and angle is not a priori known and
must be determined empirically. Figure 2a shows all LDEX current data on the dayside of the Moon and in
the solar wind as a function of the dot product between the LDEX boresight and the convection electric
field. The median current, shown in red, is constant at approximately 3 × 105 ions s−1 for −Êc ⋅ b̂ < 0 and
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Figure 1. LDEX observations of lunar exospheric current and associated ARTEMIS data for four orbits on 4–5 December
2013. (a) The convection electric field as observed by ARTEMIS, (b) the negative dot product between the electric field
vector and the LDEX boresight, (c) the observed LDEX current (black) and the angle between the electric field and LDEX
boresight (blue), and (d) the LADEE solar zenith angle about the Moon. The two color bars at the bottom show (i) the
sunlit (red) and shadowed (black) periods at the LADEE spacecraft and (ii) the times of operation of the LDEX instrument
(green). The horizontal dashed line in Figure 1c denotes the LDEX background current level (see text for full discussion).
Individual orbit numbers are denoted at the very top of the plot. Vertical gray shaded regions denote periods where the
LADEE spacecraft was in the lunar optical shadow.

increases steadily as a function of dot product for −Êc ⋅ b̂> 0. The current measured for −Êc ⋅ b̂ < 0, i.e., when
LDEX cannot measure pickup ions, is linearly correlated with solar wind flux as shown in Figure 2b. One plau-
sible explanation for this background signal is energetic neutral atoms (hydrogen, specifically) originating
from solar wind protons that are neutralized and reflected upon striking the lunar surface [e.g., Wieser et al.,
2009; Rodríguez et al., 2012]. After reflection, these energetic neutral atoms travel into LDEX regardless of the
interplanetary convection electric field direction and presumably sputter ions or re-ionize upon impacting
the LDEX target, thus generating a current independent of the electric field direction and directly correlated
with solar wind flux [Walker et al., 2015]. While we cannot fully confirm this theory, we use Figure 2b and the
solar wind flux observed by ARTEMIS to appropriately subtract the background signal from the total LDEX
current and obtain the current due only to low-energy exospheric pickup ions. Figure 2c shows the median
background-subtracted LDEX current as a function of the angle between the LDEX boresight and the convec-
tion electric field. With the background subtraction in place, the median LDEX current (black) matches well
with a fit of the form f (𝜃) = exp(−𝜃2∕2𝜃2

o), where 𝜃o = 30∘, shown in red. This function encompasses not
only the acceptance area of the LDEX boresight (i.e., proportional to cos 𝜃) but also the unknown detection
efficiency for low-energy ions entering the LDEX electrostatic fields as a function of 𝜃. This function also
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Figure 2. (a) The raw LDEX current versus the dot product between the electric field vector and instrument boresight
for all times on the lunar dayside and in the solar wind. (b) The raw LDEX current for times when the electric field points
away from the LDEX boresight versus the solar wind flux. (c) The median background-subtracted LDEX current (black)
and fit (red) versus the angle between the electric field vector and instrument boresight.
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averages over the relative efficiency of LDEX to varying pickup ion mass; however, since the mass distribution
of the incoming flux is a priori unknown, such an approximation is unavoidable. Importantly, we also note that
the fit shown in Figure 2c only characterizes the relative angular sensitivity of LDEX for low-energy ions and
does not provide an absolute calibration for the instrument. Thus, without further ground calibration exper-
iments using the spare LDEX instrument, we are limited to presenting the observed, background-subtracted
current in relative, rather than absolute, terms.

We note that while the ionization and acceleration of lunar exospheric pickup ions is the most plausible expla-
nation for the behavior of the LDEX current as shown in Figure 2, there are other possibilities that we must
consider. While low-energy (<≈ 100 eV) pickup ions will be electrostatically focused into the LDEX multichan-
nel plate detector and recorded as a current, higher-energy pickup ions will pass through the electrostatic
fields and strike the hemispherical LDEX detector. These pickup ions will presumably sputter the detector,
generating additional neutral and ionized rhodium atoms, which will also contribute to the measured current.
This additional signal should have the same dependence on the direction of the convection electric field as
the low-energy pickup ions. Additionally, solar wind protons are known to reflect from both the lunar surface
and lunar crustal magnetic anomalies [e.g., Saito et al., 2008; Lue et al., 2011; Halekas et al., 2013]; however, due
to the scattered nature of the proton trajectories with respect to the convection electric field, we expect that
any current from low-energy protons entering LDEX will be uncorrelated with the electric field direction and,
thus, subtracted out as background signal via the process described above.

3. Analysis

The LDEX instrument recorded the ambient exospheric pickup ion current through its integrator channel over
176 days from 23 October 2013 to 18 April 2014. We restricted our analysis to times when (a) the Moon was
in the solar wind as determined from the ARTEMIS data, (b) LDEX was on the dawn hemisphere of the lunar
dayside, (c) the convection electric field magnitude satisfied |E⃗|> 10−3 V/m, and (d) the convection electric
field satisfied E⃗ ⋅ r̂ < 0, where r̂ is the LADEE position vector in lunar centered coordinates. Constraint (c) on |E⃗|
restricts observations to those times when the observable column length of newly born pickup ions is a small
fraction of a lunar radius, thus ensuring a local measurement, and constraint (d) ensures that LDEX is observing
only pickup ions from the exosphere and not also those ions sputtered directly from the surface [i.e., Elphic
et al., 1991]. A determination of the flux of directly sputtered surface ions is an important investigation [see
Sarantos et al., 2012b] yet left for future work due to complications separating the exospheric and surface ion
currents.

At each time satisfying these constraints, we explore the dependence of the background-subtracted, relative
ion production rate with several relevant parameters. Figure 3a shows the relative ion production rate as a
function of LADEE mission time for both individual LDEX observations (black dots) and a 2 day binned median
(red bars). Periodic gaps every ≈28 days are terrestrial magnetotail crossings. Within the approximately
6 month time frame explored by LADEE, we see no significant evidence of longer-term (i.e., weekly to monthly)
temporal variations, although we do note increased variability in the early months of the mission, most likely
due to reduced observational time and lower statistical sampling. Figure 3b shows ion volume production
rate R(z), where z is the altitude above the lunar surface. LADEE’s orbit during its primary mission spanned
10 < z < 100 km with a limited number of observations either above 100 km or below 10 km. LDEX observed
a slowly decreasing ion volume production rate between 10 and 100 km with a scale height of approximately
100 km. We caution that the altitude bins above 90 km suffer from poor measurement statistics and are most
likely highly uncertain. Figure 3c shows the ion volume production rate as a function of the incoming solar
wind flux as measured concurrently by the ARTEMIS spacecraft. For solar wind fluxes less than approximately
108 cm−2 s−1 the production rate is roughly constant, while for solar wind fluxes greater than 108 cm−2 s−1,
the production rate increases in linear correlation with the solar wind flux. Finally, the variation of ion vol-
ume production rate as a function of lunar local time is shown in Figure 3d. Due to operational constraints,
the majority of LDEX observations were taken between 6:00 and 11:00 LT; thus, despite the presence of some
measurements at times past 11:00 LT, we restrict our analysis to times before 11:00 LT. While the ion volume
production rate is relatively flat between 06:00 and 11:00 LT, there is some evidence of a local maximum near
approximately 07–08 LT.
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Figure 3. Relative lunar exospheric ion volume production rates as a function of (a) time throughout the LADEE mission,
(b) altitude, (c) solar wind flux, and (d) local time around the Moon. The solid red and dashed orange lines denote the
median and 25/75% quartiles, respectively. Note that in Figure 3d we have plotted a smaller range in ion production
rate to better depict the relative variations in local time.

4. Discussion

In order to place the LDEX observations into context, we compare the data to calculations of lunar exospheric
ion production rates. Where possible, we use in situ measurements of either neutral densities (multiplied
by associated ionization rates) or ion production rates; however, in cases where measurements of a given
species are not available, we use modeled neutral densities (again, along with relevant ionization rates). For
He, Ne, and Ar, we use LADEE/NMS neutral density measurements [Benna et al., 2015], for C, O, and CO we
use the observations from LADEE/NMS ion mode [Halekas et al., 2015], and for the remaining species (Na,
Mg, Al, Si, K, Ca, Ti, and Fe) we use the model of Sarantos et al. [2012a]. Na and K are modeled as products
from photon-stimulated desorption, which dominates over the sputtered and impact vaporization contribu-
tions, with a neutral temperature of 1200 K [Yakshinskiy and Madey, 1999, 2004]. The refractory species (C, O,
Na, Mg, Al, Si, K, Ca, Ti, and Fe) are modeled with contributions from both charged-particle sputtering using
a Sigmund-Thomson velocity distribution [Sigmund, 1969] and micrometeoroid impact vaporization with a
temperature of 3000 K [Eichhorn, 1976]. We exclude ions produced directly from the surface via solar wind
sputtering [i.e., Elphic et al., 1991], in line with constraint (d) on the LDEX data discussed in section 3. He, Ne,
and CO are modeled as thermally accommodated species, while for Ar, we adopt the spatial distribution from
the model of Grava et al. [2015], which peaks near dawn and rapidly declines toward noon. Ionization rates for
all neutral species are assumed to be from photoionization at solar median [Huebner et al., 1992; Huebner and
Mukherjee, 2015] with solar wind proton charge exchange also operating for Ar and CO [Barnett and Reynolds,
1958; Cravens et al., 1987].

Figure 4a shows the ion production rates as a function of altitude for solar zenith angle equal to 45∘ for all
species from the model as described above. In this model, Al+ is predicted to be the dominant ion species
with a production rate at the surface of ≈7000 cm−3 s−1, followed by CO+ and Ar+ surface production rates of
≈1800 and≈1250 cm−3 s−1, respectively. All other species combined comprise approximately 15% of the total
ion production rate. The observed NMS ion production rate between altitudes of 20 and 100 km [Halekas et al.,
2015] is denoted by the gray shaded region (with approximate error of a factor of 2). NMS observed all ions
shown in Figure 4 except Mg+, Al+, Ti+, and Fe+ between 20 and 100 km. The model prediction for the total
ion production rate measured by NMS is denoted by the black dashed line and agrees well with the NMS data.
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Figure 4. The modeled ion production rates at solar zenith angle of 45∘ for selected species based on the model of
Sarantos et al. [2012a], LADEE/NMS neutral measurements of He/Ne/Ar reported by Benna et al. [2015], and LADEE/NMS
ion mode measurements of C, O, and CO [Halekas et al., 2015]. (a) The model for all species and (b) the model with
reduced contributions from Al+ and Si+ , as discussed in the text.

While the absolute calibration of the LDEX efficiency is uncertain and, thus, we cannot firmly establish the
absolute ion production rate, we can compare the altitude dependence of the LDEX data to the model by nor-
malizing the LDEX observations to match the sum of all individual ion production rates from the model since
LDEX indiscriminately observes all pickup ions regardless of species. The median observed LDEX production
rate is shown in orange as a function of altitude and compared to the modeled sum, shown as the solid black
line. The model predicts that the LDEX current is dominated by Al+ ions (≈60% of the total); however, the Al+

scale height from the model, ≈400 km, is somewhat inconsistent with the LDEX observations which show a
smaller scale height of ≈100 km.

In order to explore the possibility of a better fit, we reduce the modeled contribution of Al+ and Si+ ion produc-
tion by 80% relative to that shown in Figure 4a, motivated by both the need to reduce the total scale height
and taking into consideration that Cook et al. [2013] have published upper limits to neutral Al and Si densities
of 1.1 and 0.9 cm−3, respectively, a factor of several lower than that predicted by Sarantos et al. [2012a] of 6.6
and 23.3 cm−3, respectively. Figure 4b shows the modeled ion production rates with reduced Al+ and Si+ con-
tributions and comparisons to both NMS and LDEX. In this model, Al+, CO+, and Ar+ each contribute roughly
25% of the total ion production rate (under an altitude of ≈100 km), with the remaining 25% consisting of
all other species combined. The LDEX altitude profile matches very well to the total production rate in this
case, with an effective scale height of ≈100 km. This fit suggests that Al+, and potentially Si+, contribute less
to the ion production rate than predicted by the model of Sarantos et al. [2012a]. There are several sources of
uncertainty in the neutral model of Sarantos et al. [2012a] for both micrometeorite impact vaporization and
charged-particle sputtering, including the mass influx of micrometeoroids, the impact vaporization yield, and
the absolute charged-particle sputtering yield of lunar regolith. Concurrent spectral measurements by the
LADEE Ultraviolet Spectrometer [Colaprete et al., 2014] could help to quantify the neutral densities of Al and
Si in the lunar exosphere relative to the model of Sarantos et al. [2012a].

In addition to constraining models of the lunar pickup ion composition, the variations in the lunar pickup ion
production rate tell us much about the structure and behavior of the lunar exosphere. The linear increase in
ion volume production rate as a function of solar wind flux is best interpreted as a detection of the role that the
solar wind plays in both generating and ionizing the lunar exosphere. Charged-particle sputtering of the lunar
surface is a major source of refractory species in the exosphere [i.e., Wurz et al., 2007; Sarantos et al., 2012a],
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and charge exchange rates for some neutral species such as Ar and CO are on the order of or larger than
their respective photoionization rates [Barnett and Reynolds, 1958; Cravens et al., 1987]. Despite the relatively
low number of measurements, we also interpret the constant ion production rate at lower solar wind flux
(<108 cm−2 s−1) as evidence of other, well-known exospheric generation mechanisms uncorrelated with solar
wind flux (i.e., micrometeoroid impact vaporization, thermal desorption, and photon-stimulated desorption).
The variation of pickup ion production as a function of altitude is indicative of a neutral scale height (averaged
over all species according to their ionization rates) of ≈100 km. This reflects the dominance of both Ar+ and
CO+ as discussed above, with thermal scale heights of 49 and 70 km, respectively. Al+, as a nonthermal species,
may extend the pickup ion production to much higher altitudes as seen from the model in Figure 4, especially
at times of high solar wind flux and/or heavy micrometeoroid bombardment, yet the LDEX data limit the
overall contribution of Al+ based on the observed scale height of the ion production rate. Finally, the local time
dependence of the pickup ion production rate suggests a fairly isotropic ionization rate with some evidence of
a local maximum near 07–08 LT. This trend agrees well with NMS ionization rate observations, which observed
Ar+ and mass 28 amu ions (presumably CO+ as argued by Halekas et al. [2015]) with peaks just sunward of the
dawn terminator near 07–08 LT with significant production extending toward noon.

5. Conclusion

We have reported serendipitous measurements of low-energy lunar pickup ions by the LADEE LDEX instru-
ment during its 6 month prime mission in orbit around the Moon. Lunar exospheric pickup ion production
was observed to have an approximate scale height of 100 km, to be linearly correlated with the solar wind flux
to the lunar surface and to be relatively flat as a function of local time with some suggestion of a peak near
07–08 LT. Comparison to concurrent measurements of the lunar exosphere by the LADEE/NMS instrument
[Benna et al., 2015; Halekas et al., 2015] and an exospheric model [Sarantos et al., 2012a] finds good agree-
ment, with the exception of Al+ and possibly Si+, which may be overestimated in the model. Indeed, Cook
et al. [2013] reported an upper limit for the neutral Al density at dawn of 1.1 cm−3 using Lunar Reconnaissance
Orbiter Lyman Alpha Mapping Project observations, a factor of approximately 6 lower than that of Sarantos
et al. [2012a]. Continued determination of the density of all exospheric species, in particular Al, may help to
resolve this disagreement. Additionally, a reanalysis of the ARTEMIS pickup ion measurements [e.g., Halekas
et al., 2012b] in light of the knowledge gained from the LADEE mission may prove insightful especially given
that ARTEMIS has now collected more than 4 years of lunar pickup ion observations. Finally, we note that the
results presented here have implications for the formation and ionization of neutral exospheres at airless bod-
ies throughout the solar system, especially inner solar system asteroids [e.g., Morgan and Killen, 1998; Schläppi
et al., 2008; Altwegg et al., 2012] and the moons of Mars [e.g., Cipriani et al., 2011; Poppe and Curry, 2014].
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